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Angiogenetic Signaling through Hypoxia

HMGB1: An Angiogenetic Switch Molecule
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The initiation of angiogenesis, called the angiogenetic
switch, is a crucial early step in tumor progression
and propagation, ensuring an adequate oxygen sup-
ply. The rapid growth of tumors is accompanied by a
reduced microvessel density, resulting in chronic
hypoxia that often leads to necrotic areas within the
tumor. These hypoxic and necrotic regions exhibit
increased expression of angiogenetic growth factors,
eg, vascular endothelial growth factor, and may also
attract macrophages, which are known to produce a
number of potent angiogenetic cytokines and growth
factors. A group of molecules that may act as media-
tors of angiogenesis are the so-called high-mobility
group proteins. Recent studies showed that HMGB1,
known as an architectural chromatin-binding pro-
tein, can be extracellularly released by passive diffu-
sion from necrotic cells and activated macrophages.
To examine the angiogenetic effects of HMGB1 on
endothelial cells an in vitro spheroid model was used.
The results of the endothelial-sprouting assay clearly
show that exogenous HMGB1 induced endothelial cell
migration and sprouting in vitro in a dose-dependent
manner. Thus, this is the first report showing strong
evidence for HMGB1-induced sprouting of endothelial
cells. (Am J Pathol 2005, 166:1259–1263)

Cell death mediated by hypoxia is a frequent event dur-
ing the proliferation of tumor cell populations.1 Hypoxia
may induce apoptosis of areas of the growing tumor but
it can also lead to necrotic death of the corresponding
cells.2,3 Tumor propagation and progression depends on
the induction of tumor vascularization, ie, the angioge-

netic switch.4 Although it is now well documented that
tumor cells have the ability to induce angiogenesis by
secretion of extracellular molecules promoting the out-
growth of small vessels, the stimulation of angiogenesis
mediated by the necrotic cells themselves may be a very
efficient mechanism by which tumors can escape growth
limiting because of hypoxia.5 A group of molecules that
may act as mediators of angiogenesis released by ne-
crotic cells are members of the so-called high-mobility
group protein family. High-mobility group proteins are
small DNA-binding proteins playing an important role in
transcriptional regulation.6 In addition, there is now in-
creasing evidence that besides their role as regulators of
transcription at least some members of that group of
proteins can also exert extracellular functions. Of these
proteins, HMGB1 currently has been investigated most
intensively.7,8 It can be secreted by certain cells and
plays an important role in inflammation, cell migration,
differentiation, and tumorigenesis and has been identi-
fied as one of the ligands binding to the receptor for
advanced glycation end products (RAGE).9,10 HMGB1
binding to RAGE activates key cell-signaling pathways
such as MAP kinases and nuclear factor-�B.11 In vivo, two
potential sources of circulating HMGB1 exist: HMGB1
released from damaged or necrotic cells and HMGB1
secreted from activated macrophages in response to,
eg, oxygen stress, endotoxin, tumor necrosis factor-
�, or interleukin-1�.12–14 Scaffidi and colleagues15

showed that HMGB1 rapidly leaked out from perme-
abilized necrotic cells, but not from permeabilized ap-
optotic cells. Through its secretion by activated mac-
rophages HMGB1 again activates macrophages,
resulting in secretion of angiogenetic factors, eg, vas-
cular endothelial growth factor (VEGF), tumor necrosis
factor-�, and interleukin-8.16,17
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It is well documented that advanced glycation end
products (AGEs) can promote angiogenesis.18,19 Oka-
moto and colleagues19 have cultured skin microvascular
endothelial cells with AGE resulting in a stimulated
growth and tube formation. This effect was enlarged with
increased expression of RAGE. Similar results were ob-
tained by Yonekura and colleagues20 who were able to
show that the formation of the cord-like structure of en-
dothelial cells induced by AGE was completely abolished
by soluble RAGE. As for the molecular mechanism of
AGE-induced angiogenesis the up-regulation of VEGF
because of signaling via nuclear factor-�B seems to be
the key effect.19

Nevertheless, Taguchi and colleagues11 have at-
tempted to exclude an angiogenetic effect of that protein
by placing basic fibroblast growth factor-laden pellets
into a corneal pocket. In these experiments, no differ-
ences in capillary outgrowth from the corneal limbus
compared to that after treatment with the competitive
inhibitor sRAGE were observed. sRAGE is a truncated
variant of the RAGE receptor that binds HMGB1 and
blocks the interaction with its receptor. Based on their
results Taguchi and colleagues11 have concluded that
RAGE blockade does not impair the process of neovas-
cularization at all. However, the latter experimental de-
sign does not allow drawing a general conclusion about
possible angiogenetic effects of HMGB1. Therefore we
used a spheroid model to re-examine the effects of
HMGB1 on human endothelial cells.

Materials and Methods

Expression and Purification of HMGB1

The full-length HMGB1 cDNA-coding region was inserted
into the glutathione S-transferase (GST) fusion protein
expression vector pGEX-6P1 (Amersham Biosciences,
Freiburg, Germany) by ligation to SmaI and NotI restric-
tion sites. Escherichia coli BL21, transformed with the re-
combinant plasmid, were grown in LB medium supple-
mented with 100 �g/ml of ampicillin for 6 hours at 37°C as
preparatory culture and 17 hours at 18°C as main culture.
Expression of the GST-HMGB1 fusion protein was in-
duced by incubation with 0.1 mmol/L IPTG for 2 hours at
18°C. The bacterial pellet was resuspended in phos-
phate-buffered saline (PBS) and lysed by nitrogen and
lysozyme. A crude extract was separated by centrifuga-
tion and added to a 50% slurry of glutathione-Sepharose
4B equilibrated with PBS. After gentle agitation at 6°C for
45 minutes the matrix was sedimented and washed with
PBS. To obtain HMGB1 fragments without GST, fusion
protein was cleaved with PreScission Protease (Amer-
sham Biosciences) at 6°C overnight with gentle agitation.
The cleaved GST, bonded to the slurry, was then re-
moved by centrifugation. The identity of HMGB1 was
confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. As a control to exclude any sprouting
activity from contaminating proteins obtained during the
purification process, proteins were isolated using GST
fusion protein expression vector pGEX-6P1 (Amersham

Biosciences) without any cloned insert. Purification was
performed as mentioned above.

Cell Culture

Human umbilical vein endothelial cells (Promocell, Hei-
delberg, Germany) were cultured according to the man-
ufacturer’s instructions at 37°C using endothelial cell
growth media and endothelial cell growth supplement.
Only human umbilical vein endothelial cells cultured from
passages 4 to 5 were used for experiments. Endothelial
cell growth medium, endothelial cell growth supplement,
and endothelial cell basal medium were purchased from
Promocell. Fetal calf serum was obtained from Biochrom
(Berlin, Germany).

Preparation of a Collagen Stock Solution

A collagen stock solution was prepared from rat tail by
isolating the tendons without attached connective tissue.
The tendons were transferred into 0.1% acetic acid (v/v in
H2O) and stored for 48 hours at 4°C. The final solution
was centrifuged at 17,000 � g, 4°C, for 1 hour and the
clear supernatant was diluted to an OD 280 nm of 0.25.

In Vitro Angiogenesis Assay

Endothelial cells were harvested and a defined cell num-
ber (400 cells/100 �l) was suspended in endothelial cell
growth medium containing 0.25% (w/v) methylcellulose
(Sigma, Taufkirchen, Germany) for the generation of
spheroids. One hundred �l/well of the cell suspension
was seeded into nonadherent round-bottom 96-well
plates (Greiner, Frickenhausen, Germany). Nearly all
cells per well contributed to the formation of a single
spheroid (400 cells/spheroid) during the 24-hour culture
at 37°C. The spheroids were harvested and embedded in
collagen.21

In brief, at room temperature 48 spheroids were sus-
pended in 0.5 ml of endothelial cell basal medium con-
taining 20% fetal calf serum and 1% (w/v) methylcellulose
to prevent sedimentation of spheroids before polymeriza-
tion of the collagen gel. The ice-cold collagen stock
solution (8 vol) was mixed with 10� M199 (1 vol; Sigma)
and 0.1 N of NaOH (�1 vol) to adjust the pH to 7.4. Then
0.5 ml of the neutralized collagen solution was rapidly
mixed with 0.5 ml of spheroid suspension and transferred
into prewarmed 24-well plates. After polymerization 100
�l of basal medium with 10� concentrated test sub-
stance was added on top of each gel. The gels were
incubated at 37°C in 5% CO2 at 100% humidity. After 24
hours and fixation with 1 ml of 10% paraformaldehyde, in
vitro angiogenesis was digitally quantitated by measuring
the length of the sprouts that had grown out of each
spheroid (ocular grid at �40 magnification, cumulative
sprout length) using the digital imaging software analySIS
(Soft Imaging System, Muenster, Germany). The mean
and SD of the cumulative sprout length from 10 randomly
selected spheroids per gel was determined (correspond-
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ing to one test substance). All experiments were per-
formed twice.

Statistics

Statistical significance was tested using the t-test and
was set at P � 0.001.

Tissue Samples

In the present study breast cancer samples taken directly
after surgery were immunohistochemically analyzed. All
patients signed an informed consent.

Immunohistochemistry

Immunohistochemical examination of 5-�m sections of
human breast cancer was performed with a goat poly-
clonal antibody raised against a peptide mapping within
an internal region of the HMGB1 protein of human origin
(sc-12523; Santa Cruz Biotechnology, Santa Cruz, CA).
Immunostaining was achieved by a three-step procedure
(primary antibody, secondary antibody, and avidin-bi-
otin-complex) using the Vectastain ABC method (Vector
Laboratories, Burlingame, CA). Briefly, sections of paraf-
fin-embedded tissue were dewaxed in xylene and rehy-
drated in an ethanol series and finally resuspended in
PBS (pH 7.4). Endogenous peroxidase activity was
quenched by incubation in 0.75% H2O2 in methanol fol-
lowed by a microwave pretreatment for 15 minutes with
citric acid buffer (pH 6.0). After washing two times in tap
water and PBS, tissue sections were incubated for 20
minutes in rabbit serum followed by incubation with the
goat polyclonal HMGB1 antibody (1:100 diluted in 2%
bovine serum albumin in PBS). After incubation overnight
at 4°C, tissue sections were washed three times in PBS
and incubated with biotin-conjugated rabbit anti-goat
IgG for 30 minutes at room temperature. After further
washing in PBS, they were incubated for 30 minutes with
ABComplex and freshly prepared according to the man-
ufacturer’s instructions. After final washing in PBS, the
peroxidase reaction was initiated by application of dia-
minobenzidine solution (prepared according to the manu-
facturer’s instructions). The reaction was stopped after 10
minutes by washing in tap water and tissue sections were
counterstained with Meyer’s hematoxylin, dehydrated,
cleared, and mounted. Immunohistochemistry was evalu-
ated using a digital camera (AxioCam; Zeiss, Göttingen,
Germany).

Results

Immunohistochemical analysis confirmed HMGB1 ex-
pression in all macrophages within necrotic areas of the
tumors tested (Figure 1). To check the specificity of sec-
ondary antibody, staining controls without the primary anti-
body were performed. No immunostaining for HMGB1 was
visible in these controls. Furthermore, we examined possi-
ble angiogenetic effects of HMGB1 in a three-dimensional

spheroid model of endothelial cell differentiation. For a bet-
ter comparison of the HMGB1 sprouting effects the results
were compared to the effects of VEGF, which is known to be
one of the key regulators of angiogenesis. Endothelial cell
spheroids of defined cell number (400 cells/spheroid) were
seeded in collagen gels, stimulated with HMGB1 in different
concentrations (2 �g/ml, 0.4 �g/ml, and 0.08 �g/ml) and
compared to a VEGF stimulation (25 ng/ml). The cumulative
length of outgrowing capillary-like sprouts was quantitated
after 24 hours. For every concentration the mean � SD
measuring the average cumulative sprout lengths of 10
randomly selected spheroids per experimental group were
determined.

The results clearly point out that HMGB1 induces en-
dothelial cell migration and sprouting in vitro in a dose-
dependent manner. In detail, there is no endothelial cell
sprouting activity without HMGB1 measurable, reflecting
the quiescent phenotype of the human umbilical vein
endothelial cells. In contrast, sprouting activity can be
stimulated strongly by exogenous HMGB1. A concentra-

Figure 1. Immunohistochemical analysis of a necrotic area of breast cancer
sample using an antibody raised against the human HMGB1 protein. a:
HMGB1 is present in the nuclei and cytoplasm of the breast cancer cells next
to the necrotic area. b: Magnification of boxed area of a. HMGB1 is detect-
able in the nuclei as well as in the cytoplasm of macrophages. Original
magnifications: �100 (a); �400 (b).
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tion of 2 �g/ml of HMGB1 induced the outgrowth of
capillary-like sprouts with an average length of 394 �m.
HMGB1 (0.4 �g/ml) induced an average sprouting activ-
ity of 242 �m and 0.08 �g/ml HMGB1 an average sprout-
ing of 221 �m, respectively (Figure 2).

In general, relative potency in sprouting formation pro-
duced by HMGB1 was lower than that produced by
VEGF (average sprouting of 552 �m), but highly signifi-
cant (P � 0.0001) compared to the negative control.
Comparing the HMGB1 angiogenetic effects with those
of VEGF, 2 �g/ml of HMGB1 induced an endothelial cell
sprouting of 70%, 0.4 �g/ml HMGB1 44%, and 0.08
�g/ml HMGB1 40% activity, respectively. Additionally, to
exclude any sprouting activity from contaminating pro-
teins obtained during the purification process, proteins
were isolated using a pGEX-6P1 vector without any
cloned insert. These proteins did not show sprouting
activity at all (data not shown).

Discussion

The initiation of angiogenesis, called the angiogenetic
switch, is a crucial early step in tumor progression and
propagation, ensuring an adequate oxygen supply.4,5

The rapid growth of tumors is accompanied by a reduced
microvessel density, resulting in chronic hypoxia, often
leading to necrotic areas within the tumor.22 These hy-
poxic and necrotic regions correspond to an increased
expression of angiogenetic growth factors, eg, VEGF,
which are capable to turn what is called the angiogenetic
switch, ie, to stimulate endothelial cell growth as a step in
angiogenesis.1,23 Recent studies showed that necrotic
cells may attract macrophages into the tumor, which then
contribute to the angiogenetic process.2 Macrophages
have been shown to produce a number of potent angio-
genetic cytokines and growth factors, eg, VEGF, tumor
necrosis factor-�, and interleukin-8 and constitute a key
type of angiogenetic effector cells.16,24 Necrotic cells as
well as activated macrophages are a source for a novel
type of chemokines, the high-mobility group proteins. As
to its proinflammatory activity HMGB1 is the currently
best-investigated high-mobility group protein.17

Recent studies showed that HMGB1, known as an
architectural chromatin-binding protein, can be extracel-
lularly released by passive diffusion from necrotic cells
and is secreted by activated macrophages.8,15,25 Further
studies revealed that extracellular HMGB1 may act as a
strong macrophage-activating factor when binding to the
receptor for advanced glycation end products (RAGE).17

RAGE is a multiligand receptor with advanced glycation
end products (AGEs) constituting a major group of li-
gands. Among the effects of an engagement of RAGE by
AGEs are proangiogenetic effects on vascular endothe-
lial cells as for example, their tube formations. This effect
is mediated by the induction of VEGF via nuclear fac-
tor-�B signaling.19 Accordingly, it seems well reasonable
to assume that yet another ligand of RAGE, HMGB1, can
also act as an angiogenetic switch molecule.

This is the first report showing that HMGB1 can induce
sprouting of endothelial cells. To examine the angioge-
netic effects of HMGB1 on endothelial cells a spheroid
model of endothelial cells in vitro was used. The results of
the endothelial-sprouting assay clearly show that exoge-
nous HMGB1 induces endothelial cell migration and
sprouting in vitro in a dose-dependent manner. In vivo two
sources of HMGB1 exist: necrotic cells and macro-
phages. Two different ways for the angiogenetic function
of HMGB1 can be postulated. One mechanism could be
an indirect effect via the activation of macrophages, re-
sulting in secretion of angiogenetic factors as, for exam-
ple, VEGF, tumor necrosis factor-�, and interleukin-8.16,17

Secondly, HMGB1, acting as an angiogenetic factor it-
self, can actively be released by activated macrophages
and necrotic cells (Figure 3).8,25

Our knowledge of the signaling mechanism by which
HMGB1 activates endothelial cells and macrophages is
still incomplete.17 One possible signaling way could be
through its receptor for advanced glycation end prod-
ucts, RAGE, which is expressed, for example, in endo-
thelial cells.26,27 Apart from HMGB1-receptor interac-
tions, it has been demonstrated that HMGB1 binds to
many membrane molecules, possibly stimulating angio-
genetic effects.28,29

Our results, revealing an angiogenetic effect of
HMGB1, are in contrast to an interpretation by Taguchi
and colleagues11 placing basic fibroblast growth factor-
laden pellets into a corneal pocket, and observing cap-
illary growth from the corneal limbus compared to that
after treatment with sRAGE. Taguchi and colleagues11

showed that the interaction between HMGB1 and its re-
ceptor RAGE has no effect on neovascularization in the
fibroblast growth factor-mediated angiogenesis pathway.

Figure 2. Quantitative three-dimensional in vitro angiogenesis assay based
on collagen gel-embedded endothelial cell spheroids treated with VEGF and
HMGB1, respectively. Capillary sprouting originating from the spheroids was
quantified after 24 hours using digital imaging software analysis. The average
cumulative length of 10 randomly selected sprouts was calculated.

Figure 3. A proposed model for the angiogenetic effects of HMGB1. Solid
lines, released factors; dashed lines, their effects.
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Either it could be that the RAGE/HMGB1 interaction does
not play a significant role in fibroblast growth factor-
mediated angiogenesis or the angiogenetic effect of
HMGB1 is masked in this case by stronger effects of
other angiogenetic factors not examined in that study.
Nevertheless this is the first report that shows an angio-
genetic effect of HMGB1. It remains to be investigated if
this is solely because of the induction of VEGF or if there
are other effects supporting the role HMGB1 as an an-
giogenetic switch molecule.
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